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A Large lon Collider Experiment
PHYSICS MOTIVATION ALICE

e Quark Gluon Plasma (QGP) - hot,

thermalized partonic state of matter 49" _ fa‘r;,f (52) 2 () d0ex DEC2
n’un‘" p; a (Ta)fy (@

dt z
* Wish to study energy loss of hard
probes produced in QGP — using jets
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* Energy loss an important tool for
understanding QGP transport =
properties :

nsirecho
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A Large lon Collider Experiment

PHYSICS MOTIVATION CONTINUED ALICE

Assuming a static mediumin the weakly coupled limit

* Energy loss in QGP medium expected
to have a dependence on path length

* Path length dependence
 Collisional -> L
 Radiative -> [

*Under simplifying assumptions

M. Djordjevic, et. al., Phys. Rev. C, 2019.

* Relative Energy Loss V2

e More medium vs. less medium

30°
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A Large lon Collider Experiment

PHYSICS OBSERVABLE —JET CONSTITUENT YIELDS ALICE

p,onstit — momentum of jet constituent
hadrons

in-plane

e
S [ ' N
- LI ‘ll'
e . A
- .‘I:_r“. ) 2
N

-

dN/dp,constit- or Y(p constit-) — distribution
of constituent momentum

30°

less

Is jet composed of many soft hadrons . edium
or few soft hadrons and some high p;

hadrons ? $

Can investigate how Y(p;c°"stit:) depends ﬁ
on jet orientation to event plane pconstit.
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A Large lon Collider Experiment

JET CONSTITUENT YIELDS — MODELS/PREVIOUS

 Model Expectation predicts excess
of particles at low p;(small effect)

ALICE

r(a) Near-side yield ratio

Anti-k ; full jets, R=0.2

* Ex. [Phys.Rev.C 101 (2020) 6,

- mf3 < Ad < w3, |An| < 0.8
2r Pb-Pb |5, = 2.76 TeV, 30-50%
+ p=" "'*H = 20-40 GeVic

064901] - "Jet-hadron correlations ~ §'5If ereer>socey
. - | ER* =5 5.0 GeV
measured relative to the second 2 g ! o
order event plane in Pb-Pb collisions | + it
= " 0.5
at /suy 2.76 TeV ALICE

(b) Away-side yield ratio
2n/3 < As < 4n/3, |An| < 0.6

BN (Out/n) background unc.
BER (Mid/In) background unc.

]
Jry
on

Yield ratio

1 2 3 4 5 6 7 8 1 2 3 4 5 6

p_arﬁ':": (GeV/c)
e Can use Jet-hadron correlations to
determine

pEs° (GeVic)

+ JEWEL comparison
= Out/In (inc. recoils)
===« Qul/ln (no recoils) |

e Wi/ In (inC. recoils) 4

=== Mid/In (no recaoils) A
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o
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A Large lon Collider Experiment

JET BACKGROUND

e Simplified picture
* Signal/Real particles from hard
scatterings

* Background particles from soft
processes

e Jets with combinatorial
background

* Jets composed of entirely
combinatorial background
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A Large lon Collider Experiment

JET HADRON CORRELATIONS ALICE

x10°
* Procedure 3 ok ¢
1. Use algorithm to find jet -
2l
= 60
2. Calculate 4¢ = @jer - @pagron b .o
_ 20/
3. Calculate 41 = Njet - Nhadron : oo, W 0,
0!|II| I"I’Ill ||’| |I||||I’|’| | 1
-1 0 1 2 3 4

Reveals Jet Near Side and Away Side Structure !

Charles Hughes | University of Tennessee | CIPANP 2022 7



A Large lon Collider Experiment

BACKGROUND SUBTRACTION w/ CORRELATIONS

A¢]ET —HADRON

-
) AR —
-

d)HADRON

e Use jet-hadron correlationsin Pb+Pb to subtract

underlying event on average with Reaction Plane Fit
(RPF) Method (Phys. Rev. C93 (2016) no. 4, 044915).

« Usevyields (Ylys , Yl,s) from subtracted correlations

to get information on the Fragmentation Function

ALICE

== S|IGNAL + BACKGROUND
== SIGNAL

-

'
Yins

g ,

— f\\'\

- NN BACKGROUND

- l\ SUBTRACTION

- i ;

- ."\\\

B -l ‘ /" T~ ~

S, \ NN YT I
0 1| A

Repeat for all p; jet bins x
all p; assoc. bins
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METHOD

* Important Detail
* RPF Method gives 4x2 yields for each p,#°¢ (i) and

p+/¢ (j) bin (near and away)

Inclusive Yield

In-plane Yield: | - ¥,| >30°
Mid-plane Yield: 30°< | ¢ - ¥, | < 60°

Out-of-planeYield: 60°< | @ - ¥, | <90°

[ ALICE Performance
s !
:6\ L
s -
= I e
= 9
2 B
‘Uw L
= of
T L
A= >
o 1
— 0.25
& 0.00F
«0.25E
o 1012 3 4

Inclusive orient.

In-plane orient.

Mid-plane orient.

[2.0 < pF* < 3.0 GeV/c
[ phe, ES > 3GeV
[pesduack . 5 GeVie

 Pb-Pb ,/Sgn = 5.02 TeV, 30-50%
[ 20 < pf' < 40GeV/c

[ anti-kr R = 0.2

[~ Background: 0.8 < |Ay| < 1.2

[ Signal + Background: |Ay| < 0.6
[ Scale uncertainty: 4%

[—— RP fit
b Background dominated
[ ¢ Signal dominated

[ \?/NDF = 44.8/48 = 0.934

11111111111111111111111111111111111

A¢(rad)

Event plane dependent yields for jet constit. yields

Ag(rad)

B G S AT
-10 1 2 3 4

A¢(rad)

-10 1 2 3 4
Ag(rad)

out |
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ALICE DETECTOR

a. ITS SPD (Pixel)
S b. ITS SDD (Drift)
pumnsiAw Y AYL mm A AVAN c. ITS SSD (Strip)
d. VOand TO
e. FMD

4 —_—
=X . —

© ©

-

1 TS
2. FMD, TO, VO
3. TPC

5. TOF
a HADPI)

8. DCal

S o) ey
10. L3 Magnet
11. Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD
17.AD
18.zZDC
19. ACORDE

ti

https://cds.cern.ch/record/2263642

ALICE

ITS:
Vertexing,
Charged
Tracking

VO:
Event Plane

TPC:
Charged
Tracking

EMCAL + DCAL:
Neutral Energy
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DATA ANALYSIS — CORRELATION FUNCTIONS

Corrected correlation function

20-40 GeV Jet p;

2.0 — 3.0 GeV associated particle p;
R = 0.2 anti-k;, charged + neutral

Semi-Central
In-Plane Jets

Corrected for single track

reconstruction efficiency &

acceptance effects

ALICE Preliminary
Pb-Pb \/syn = 5.02 TeV, 30-50%
20 < p£'< 40 GeVic

ALICE

2.0 < p3°¢ < 3.0 GeV/c
peedteck 5 5GeVic
pshe, ESY > 3 GeV
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A Large lon Collider Experiment

lllustrations from Cailtin Beattle

f; out ___
DATA ANALYSIS - FITS 2 &
in REh H LIC E
Pb_Pb’ m =5.02 TeV Inclusive orient. In-plane orient. Mid-plane orient. Out-of-plane orient.
ALICE Performance 2.0 < p7°° < 3.0 GeV/c Pb—Pb.\/’sN—N—S.OZ' TeV, 30-50% [—— RP fit
pfrhc ES"s > 3 GeV - iﬂt,_f R{_"(())_g s - ¢ Background dominated

30-50% i 4; [ p'fad track - 5 GeV/c [ Background: 0.8 < |Ay| < 1.2 [ ¢ Signal dominated

— Signal + Background: |Ay| < 0.6

s ¢ [ Scale uncertainty: 4% " \?/NDF = 44.8/48 = 0.934

L

. = Y

p-€t: 20-40 GeV/c 1‘% 3r i . -

= !

o !

20 i
P59 1 2-3 GeV/c 2 2 Py ebb o

"_'\ L

¢

Fit on near sideonly | 1} IR TR PP TR PV P TOOY
+ |ag|<n/3 = 0.5 :
- 08<|An|<1.2 & aoal _ EW/VME

P! |

© Pt el s bt e aabaa o da st aa st b et s b s dasaadaaaa laaas
Simultaneous near side ° -10 2 34 -10 2 3 -10 1 2 3 4
fit for in, mid, and out Ag(rad) A¢(rad) Ag(rad)
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A Large lon Collider Experiment

lllustrations from Cailtin Beattie

DATA ANALYSIS - FITS

Dh_.Dh [c---- — E NI Tal/

Take difference
between blue
points and
purple curve
(reaction plane
fit), then
integrate near
and away side
peaks

Simultaneous near side
fit for in, mid, and out

©

h 15“ out g
? f‘ ¢
in REEh H L I C E
Inclusive orient. In-plane orient. Mid-plane orient. Out-of-plane orient.
ALICE Performance [ 2.0 < pF** < 3.0 GeV//c [ Pb-Pb /5w =5.02TeV, 30-50% [ __ pp fit

[ pShe, EE"™ > 3GeV

[ 20 < pf' < 40GeV/c
[ anti-kt+ R = 0.2
™ Background: 0.8 < |Ay| < 1.2

" Scale uncertainty: 4%

[ Signal + Background: |Ay| <06 [

- ¢  Background dominated
[ ¢  Signal dominated

- \2/NDF = 44.8/48 = 0.934
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RESULTS— CONSTITUENT YIELDS

lllustrations from Cailtin Beattie
h 5

" ALICE

in
In-Plane: Mid-Plane: Out-of-Plane: In-Plane: Mid-Plane: Out-of-Plane:
|‘Pjet'w2|<"/6 n/6 <|¢Pjet'w2|<n/3 n/3 <|‘Pjet'w2|<"/2 |‘Pjet'wz|<"/6 n/6 <|<Pjet'wz|<n/3 n/3 <|‘Pjet'w2|<n/2
0.8F [ -
[ ALICE Preliminary F . ALICE Preliminary
i . Pb-Pb — jet + h + X \/sun = 5.02 TeV, 30-50% 0.30f Pb-Pb — jet + h + X \/syn = 5.02 TeV, 30-50%
07r 20 < pi* < 40 GeV/c : 20 < pf* < 40 GeV/c
[ ' anti-kt R = 0.2 0.25F anti-kt R = 0.2
T 06F pPc, E5"S > 3 GeV T p{'c, ES" > 3 GeV
N il pledtrack > 5 GeV/c E i peadtack 5 § GeV/c
> [ ¢ 5 , > 0.20F . s _
v o5k 4 ¢ Inclusive 3 [ Inclusive
\L_D/ r ¥ In-plane — 3 #  In-plane
5.— [ 4 Mid-plane 6__ 0.15_‘ 4  Mid-plane
L 04F ’¢ ¢  Out-of-plane - - ‘ ¢ Out-of-plane
< i *¢ B Background < E . B Background
b [ ’*‘ BN Correlated unc. © 0.10 E “ I Correlated unc.
- ¢
= - 0.05} o, .
- Scale uncertainty: 4% - Scale uncertainty: 4%
0.2F || < 0.6, Near Side Yield: |Ag| < =/3 omse [ 1Ay < 0.6, Away Side Yield: 27/3 < |Ap| < 4x /3 onie
3 4 5 6 7 8 1 s 1 3 ' ' L A 4 ' L Tl . 5 L T . s 6 .l ' . .l 7 i 8
pyc (GeV/c) P (GeV/c)
Near-side yields (NS) Away-side (NS)

- Within uncertainties, no ordering - Some ordering in lowest p,**°“ bin (< 30)
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RESU LTS— YIELD RATIOS

Compare yields to each
other (ratios)

lllustrations from Cailtin Beattle
out

ALICE

out |

. 2.00¢ — 2.00p
 Searching for event : ALICE Preliminary ; ALICE Preliminary
1.75F Pb-Pb \/suv = 5.02 TeV, 30-50% 1.75F Pb-Pb \/snn = 5.02 TeV, 30-50%
plane dependence : 20 < pf' < 40 GeV/c ; 20 < it < 40 GeV//c
1.50F lantl lkT R =02 150k anti-kr R = 0.2
° - : pShc, ESs > 3 GeV pShe, E§s > 3 GeV
Out/ln for NS and AS >:,: 1255 p%o_zadtrack>56ev/c >:_: 1255 pITeadtrack>SGeV/C
. . . . s I ~ I
 Within uncertainties — S 100} - e S 7Y S —
F . +
I - I -
no EP dependence d ok o o75f .-
L 30 from unlty In 0505 ¢ Out/in 050:‘ ‘ ¢ Out/in
L I Correlated unc. L I Correlated unc.
2 < pTCISSOC < 3 GeV/C AS 025:_ Al <08 B Background 025:- A < 0.6 B Background
[ Near Side Yield: |Ay| < /3 === JEWEL No recoils L Away Side Yield: 27/3 < |Ap| < 47/3 ==== JEWEL No recoils
0.00 3 7 5 6 7 8 R U U A
P (GeV /c) e (GeV /c)

e Compare yields to simulation
(JEWEL without recoils)

e Within uncertainties —
agreement
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A Large lon Collider Experiment

Conclusions and Outlook ALICE

* Constituent yields above 2 GeV/c do not show clear event plane
dependence
* Hints at difference in the 2-3 GeV/c bin

* Notclear if path length dependence is dominant physical effect
 (event shape and jet-by-jet fluctuations may also play a role)

 Future Work
* Extend analysis below 2 GeV/c in p#5°¢ (current work in progress)
* Correct for jet energy scale resolution (current work in progress)
* Unfoldyields for low jet p; fragmentation functions (model studies show promise)
e Can use this technique for constituentyields in future detectors (sPHENIX)

Charles Hughes | University of Tennessee | CIPANP 2022



A Large lon Collider Experiment

Backup ALIGE

Charles Hughes | University of Tennessee | CIPANP 2022 17



A Large lon Collider Experiment

Backup — Analysis Details ALIGE
* Pb-Pb /syy =5.02TeV, 30-50 %

e Track Selection:
x?/NDF<4.0

In| <0.9
pr > 150 MeV/c

* R =0.2 anti-k; (charged + neutral) jets

e 20 GeV/c < p/< 40 GeV/c
° pTconstit. >3 G EV/C
*  p/%%>5GeV/c

 pfs°:[0.5,1.0,1.5,2.0,3.0,4.0,5.0, 6.0, 10.0] GeV/c

Charles Hughes | University of Tennessee | CIPANP 2022 18
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Backup — Ratios Plots

=

S
S

>_

|
Q<

2.00

1.75F

1.50

1.25

1.00

0.75F

0.50

0.25}
F Near Side Yield: |Ay| < 7/3
0.00=— :

-

:—%—----

ALICE Preliminary

Pb-Pb \/snn = 5.02 TeV, 30-50%
20 < p¥* < 40 GeV/c

anti-kt R = 0.2

pShc, ESvs > 3 GeV

p![gad track ~ 5 GeV/c

L +
¢ Out/in
B Correlated unc.
Ayl < 0.6 B Background

-===JEWEL No recoils

g8 o s 3 3 8 o . 3 0§ 4

g4 _»p 9 2 . 0 2

3 1 6 Vi 8

;
P (GeV/c)

ALICE
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Backup — Ratios Plots

2.00r
: ALICE Preliminary
1 75E Pb-Pb \/sxn = 5.02 TeV, 30-50%
i 20 < pit < 40 GeV/c
1.50F anti-kt R = 0.2
F pShe, EShs > 3 GeV
= 1.25¢ pidtack > 5 GeV/c
—_— L
3 R S —————
o 1.00
| i
o 0.75F *
0.50 :‘ ‘ ¢ Out /in
L B Correlated unc.
025:‘ Ayl < 0.6 B Background
F Away Side Yield: 27/3 < |Ay| < 47/3 -=== JEWEL No recoils
000 3 4 5 6 7 8
P (GeV/c)

ALICE

Charles Hughes | University of Tennessee | CIPANP 2022

20



A Large lon Collider Experiment

Backup — Ratios P

lots

2.00¢
; ALICE Preliminary
1.75F Pb-Pb /syn = 5.02 TeV, 30-50%
: 20 < pit < 40 GeV/c
1.50F anti-kt R = 0.2
pShc, ESs > 3 GeV
<= 125} prrdtrack > 5 GeV/c
= i
5 1.00;——————'—“_'—-_0-----
> B +
L
o 0.75F
0.50F ¢ Mid/in
1 BN Correlated unc.
0.25 E Ay < 0.6 B Background
F Near Side Yield: |Ay| < 7/3 ==== JEWEL No recoils
D0 3 4 5 6 7 g
P (GeV/c)

ALICE

Charles Hughes | University of Tennessee | CIPANP 2022
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Backup — Ratios Plots

2.00¢

1.75F

Ymid/Yin
5

R:

0.50F

ALICE Preliminary

Pb-Pb \/snn = 5.02 TeV, 30-50%
20 < pk' < 40 GeV/c

anti-kt R = 0.2

phc, ESs > 3 GeV

pl1gad track ~ 5 GeV/c

f ¢ Mid/in
[ B Correlated unc.
0.25 - Apl < 0.6 B Background
[ Away Side Yield: 27/3 < |Ay| < 4x/3 ==== JEWEL No recoils
g g f _p _9 5. .50 .3 g- g g 0 3 g 83 0 .0 g 8 g
0.00 3 4 5 6 7 g
P (GeV/c)

ALICE
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A Large lon Collider Experiment

Raw correlation function (scaled by eff.),

Backup— Acceptance/Efficiency Correction in-plane

e A wriaes ALTCE
. . . . . 20<pP'<40GeVlc 00— . pEhe, EfY° > 3 GeV
1. Measure correlations, scale by single track reconstruction efficiency ik A=02

ALICE Simulation
Pb-Pb (5 = 502 TeV, 30-50 %
NulNG(S_r'ﬁuhmn

Etficiency

1/N ;0% Neaw/dApdAn( rady
NWHAE OO N

o

-

0.2--
0 < § -1 Ad)(rad\
10. i 10 . 0 °
o s e 8 4 Sy GV Corrected correlation function (scaled by eff.), in-plane
ALICE Preliminary 2.0 < p§**°° < 3.0 GeV/c
2. Correct for acceptance using mixed events technique (divide raw corr.) o essiame > A

o anti-ky R=0.2
ALICE Preliminary 2.0 < p§*s°© < 3.0 GeV/c e R
Pb-Pb \/syy=5.02 TeV, 30-50% peadireck 5 5GeVie
20 < pf' < 40 GeV/c pshe, E5° > 3 GeV
anti-kr R=0.2

a)”!
\'

1/Ny:gd°NidApdAn(ra
NWHSE OO,

1 oves
0
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i

Backup — Systematic Errors — Correlated Scale Uncertainty o157

Mixed events used to calculate an acceptance

correction

Results from summing over correlations (mixed
and same) binned in z vertex orientation

[-10, -8, -6, -4,-2,0, 2, 4,6, 8, 10]

Divide to correct

Compare to method where sum is of ratios

ALICE Preliminary

Pb-Pb \/syy = 5.02 TeV, 30-50%
20 < p’f' <40 GeV/c
anti-ky R=0.2 e

7 — . .
2w —correct ed . Zoerse
{f N ~rerlex.s

d EN.:'W rected et E:.-.,-,-_-.g-_-r_J cfﬂ.thﬂ.n

{fﬂq.:'{fﬂn N E:I'-l'.l'.'{'.T.j i I:ﬁq:] : ‘ﬁ'n }:I'-!'r.'-e'.-r.J
dINrr:r—c'ﬂrrﬁ'ffd_1',.4.1“._“
dlh,rmrrrc-md.mﬂfr. 2 {fﬁt}:l{fﬂ
_ n
{irfﬁtp ﬂrﬂn Trertex il I:ﬂtp : ‘.i‘rll ::|:|'e'.|!4'.-u

2.0 < p§%°¢ < 3.0 GeV/c
pradieck 5 5GeVlie
pshe, ESY° > 3 GeV

Numerator-C1

Denominator—C2

Charles Hughes | University of Tennessee | CIPANP 2022
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Backup — Systematic Errors — Correlated Scale Uncertainty o157

: . Ci
« o factor constructed based on signal (correlation ,’r”ﬁ* - Numerator — C1
AFTER subtraction) to background (background o .er;;fr.i-l
fit) er, &) Denominator—C2
-J[.Il.i'.l!..,i{:'ll. ['3
 Scale the background term in the RPF by |1 - af
s L'J’r—|—a:osm.fu_,Si:i:lmﬂ,—i—&_u_ﬁ [il,l_ n Vi ,|)Lmh,ﬂ %T:LLR”

sinke
I+ Yh—246.. 2v,coskd; P R,
”

- k
ﬁR_B(l—l— E 7LLLD%R{P %1: LR”)
O

* This determines the uncertainty on the yields due
to the correlated scale uncertainty in determining
the acceptance correction

k=24.0.

d* NP1 (Ag.An)
=apf| 1+ Y 2V os nA
dApdAn ﬁ E Y r L 0IRAD

Charles Hughes | University of Tennessee | CIPANP 2022 25



A Large lon Collider Experiment %

Backup — Systematic Errors — Background Determination Uncertainty ALICE

* Fit done on correlation near side:

2 nT 2 NT _ N
|A(p| < T[/2 ) 0.8 < |AI’]| < 1.2 C(Ak;:' AT?) _ ,1 d *"\":Lamrt: _ 71 d *"\"'lnt?ﬂ.a ﬁ"hkg
Nivig dA@dAn  Nyie dApdAn e(pr, n)a(Ae, An)

*  Free Parameters: PN (A An) _ i 0 Rty oo n Ad
= 7/ U, o cosnA¢
*  B-Background level dAgdAn —
. Wt
. v-,2
Zt £ g ; -, sinnc ., sinkc
. Vst * v, a, U + cos m-::hTR” + D k—2.46... ('L-‘;‘-_” + -L-*|;‘._”|) COS k'r:_.-::h?}?u
Up "t = = . '
° 7% " sin ke
1+>, .« 2vicosko,——R,
Y. > k=246, 2V P

* ~ f N

(vlt * vla -> fixed to 0) Gk — B (l N Z 20t cos ko, hl;:k(.‘R”)
RPF Background Subtraction: k=246,... ¢
Sharma et. al. PhysRevC.93.044915

Charles Hughes | University of Tennessee | CIPANP 2022 26


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.93.044915

A Large lon Collider Experiment

Backup — Systematic Errors — Background Determination Uncertainty ALICE

* Fit done on correlation near side:
|Ap| <m/2,0.8< |An] <1.2

f(AD,p;) df (AD.pj)
E}:

* Free Parameters: claf)= \ T d pi dp; Ot
. B — Background level
° V2t
° Vza
° V3t * VY
7 Derivatives of RPF bkgd. Covariance Matrix
vy w.r.t. Free params

(vlt * vla -> fixed to 0)

RPF Background Subtraction:
Sharma et. al. PhysRevC.93.044915
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